Appended to the table are some bands, whose assignment is less clear or does not fit in this scheme.
Observed combination and difference bands
lists combination and difference bands, the distances of hot bands from the main Q branch, and the anharmonic and isotopic shifts of C 2 F 4 . Compared to the similar table 1 of the Supplementary Information of [1] , it is slightly updated and supplemented with the hot bands.
The bands are ordered according to combination with ν 1 , ν 2 , etc., so that each combination occurs more than once in the table. Those observed only at higher pressures or longer path lengths are listed at the end of each section. Band positions were taken from the most prominent Q branch in the case of b 1u and b 2u symmetry and from the minimum for b 3u symmetry.
(Symmetry designations as in [1] , see also main text.) The wavenumbers for the latter are less accurate.
Appended to the table are some bands, whose assignment is less clear or does not fit in this scheme.
Sometimes a combination band with sharp Q branch had to be compared with a fundamental (in particular ν 9 ) with a minimum only (b 3u symmetry). In this case, a comparison is also presented with the band origin found in the high-resolution work [1, 2] and marked "HR", e.g. "HR ν9". (At lower resolution, 0-2 cm −1 , the apparent band origins of ν 9 and ν 11 were at 1338.4 and 1187.0.
These values were used for combination bands without sharp Q branches.)
The harmonic sums are based on the fundamental wavenumbers given in table 1 of the main text (in which only ν 10 is slightly revised compared to table 1 of [1] ) or use the low-resolution values of ν 5 and ν 9 , as just explained.
The isotopic shifts were already reported in the Supporting Information of [1] ; they are unchanged here, except the observed one of ν 2 +ν 6 +ν 9 : In agreement with the analysis of the Fermi resonance of this level with ν 5 +ν 9 (see below), we now assign the peak at 2616.1 (−34.4 compared to 12 C 2 F 4 ) to the ν 2 +ν 6 +ν 9 band of 13 C 2 F 4 ; the feature at −47.0 may be a substructure (hot bands) of it ( Fig. S2 ). Also the isotopic shift of 2ν 7 was revised (see Table 3 and context in the main text.) As before, the calculated isotopic shifts (versus 12 C 2 F 4 ) are based on observed fundamental wavenumbers of the same table 1 of [1] , assuming that the shifts of each component of the combination can be added up. This was usually fulfilled within about 1 cm
(compare the calculated with the observed shifts in the table) and was useful as an assignment help. However, in some cases there were deviations. They were interpreted as indications of Fermi resonances.
Shifts (or other wavenumbers) given in parentheses refer to alternative (but less preferred) assignments, where either the combination band or a component (fundamental) showed Q branches of comparable intensity.
As discussed in [1] , ν 5 and ν 9 can mix in the monosubstituted isotopologue ( 12 CF 2 − 13 CF 2 ) due to the lower symmetry, so that both bands become IR active. Furthermore, the ν 2 +ν 6 level is in Fermi resonance with ν 5 , so that a third band may emerge, and this mixture will also depend on the isotopic substitution. That is, combination bands with ν 5 or ν 9 or both will show at least two bands for the mixed isotopologue, and the shifts will be irregular. The column "observed isotopic shift" lists in these cases either no value or 2-3 values in parentheses.
The anharmonic shifts were also assumed to be additive. For binary combination bands (i ≠ j) and for overtones we used (ν i +ν j ) = ν i + ν j + x ij and
with obvious extensions for more complicated combinations. The left hand side of these equations should be read as "wavenumber of (name)". The additivity again helped in a few cases to decide between different assignments, where the harmonic sums were similar to each other.
The column "anharmonic shift" lists only those x ij derived from the positions of the combination bands and overtones (that is, not from hot bands).
For hot bands (satellites near ν i , that is, transitions starting from a thermally populated lower level ν j ) we used
again with obvious extensions. Often one can observe sequences of equidistant Q branches, corresponding to hot bands starting from higher levels mν j , or combination of such sequences (from mν j + nν k ). The last equation implies that the distance of a (first) hot band from the fundamental directly indicates the corresponding anharmonic constant. This results in more accurate x ij than those derived from the other two equations, where differences of large numbers must be calculated to obtain x ij . But combination bands allow for a direct assignment, whereas hot bands must be identified by their intensity (Boltzmann factor, table S3 ). In a number of cases, the anharmonic constants resulted from both combination and difference bands. Table S2 compiles the sources for each x ij .
Some anharmonic "constants" such as x 18 , x 26 or x 77 vary, depending on the exact combination band and/or isotopologue. The variation was interpreted by Fermi resonance (sec. 4.4 in the main text and below after table S3). Table S1 . Combination and difference bands of C 2 F 4 (recorded with 0.2 cm −1 resolution, all numbers in cm −1 ). A double arrow (⇒) indicates a fundamental or a shift deduced from data of this line. An equality sign (=) indicates that other data (in particular isotopic shifts) were derived from the observed data of this line. The column "hot bands" indicates the shifts from the main bands ("hb" means that hot bands were observed but are not listed). "HR" refers to the highresolution study of [1] ; sometimes the intensities relative to the main Q branch and/or the lower level of the hot band are indicated. "13C" means that the peak in the natural-abundance spectrum is due to the monosubstituted isotopologue. In the former case, the column "source" lists the combination band with its observed wavenumber (peak of main Q branch, or if "(b 3u )" is added: a minimum), from which the harmonic sum should be subtracted. (For this sum, we use the low-resolution fundamentals, i.e.
Sources of anharmonicities
those of Table 1 of the main text except ν 9 and ν 11 : for these we use the high-resolution band origins where indicated ("HR…"), if the combination band has sharp Q branches, and lowresolution values (1338.4 and 1187.0, respectively) elsewhere.
In case (b), we add "hb" after the band (with wavenumber), which is accompanied by the hot band; this is followed in parentheses by the relative intensity (which should be compared with the Boltzmann factor, Table S3 ) and/or the lower level of the hot band, and then the distance from the main Q branch. If the anharmonic shift consists of a sum of x ij , it is explicitly given, with values of the other anharmonic constants added in parentheses. The column "other information" also lists some data for the isotopologues 13 C 2 F 4 (" 13 C 2 ") and 12 C 13 CF 4 (" 13 C 1 "). x 99
x 9,10 (−1.5.. −1.2) −1.5 (calc.) fits to ν 6 +ν 9 1887.25 hb −1.6 = ν 2 +ν 7 = (ν 2 ) + (ν 7 ) + x 27 , the latter taken from a hot band of ν 7 +ν 8 (Table S1 ). The agreement between the calculated and observed values is relatively good, and the assumption is supported that x 27 is only due to Fermi resonance (or nearly so). The separation of interacting levels and consequently the extent of the Fermi shift differs considerably with isotopic substitution. While differing Fermi shifts in 2ν 7 explain the strong variation in x 77 , the x 27 values are similar because differing Fermi shifts in ν 2 +ν 7 are compensated by those in ν 2 . This set of calculations satisfactorily accounts for both observations. Whereas the deviations of observed and calculated level energies seem small, it may also be that they reflect the effect of another Fermi resonance, that between ν 2 and 2ν 3 (FR3 in Table 3 of the main text). It could influence the position of ν 2 and its combinations. The smallness of the effect would be consistent with the fact that prominent signatures of this resonance were not observed in the spectra.
Also the intensities of (at least) some bands are consistent with such a Fermi resonance: if combination bands 2ν 7 +ν x borrow their entire intensity from ν 2 +ν x due to the resonanceinduced mixing, a slightly increased interaction term (≈17.8 cm −1 ) is required for both pairs 2ν 7 +ν 9 /ν 2 +ν 9 and 2ν 7 +ν 11 /ν 2 +ν 11 (intensity ratio ≈1:3, Fig. S1a ). For latter example, one has to diagonalize the matrix The square of the coefficient ratio (0.490/0.872) 2 = 0.316, in good agreement with the observed intensity ratio 0.31 (Fig. S1a) .
The reduced value of W ν2/2ν7 = 16.4 cm −1 (instead of 17.8) implies that still the largest part of the intensity is borrowed. Fig. S1a . Absorbance spectrum demonstrating the intensity ratio in two sets of Fermi resonance dyads: 2ν 7 +ν 9 /ν 2 +ν 9 in ratio 0.32:1 and 2ν 7 +ν 11 /ν 2 +ν 11 in ratio 0.31:1.
Fig. S1b
. Absorbance spectrum demonstrating the intensity ratio in two sets of Fermi resonance triads: 2ν 7 +ν 6 +ν 9 / ν 5 +ν 9 / ν 2 +ν 6 +ν 9 and 2ν 7 +ν 6 +ν 11 / ν 5 +ν 11 / ν 2 +ν 6 +ν 11 . The spectra were recorded at 400 mbar with 10 cm path length.
The Fermi resonances between
To find the parameter for interaction of ν 5 with ν 2 +ν 6 , we note that these two levels are relatively close together in 12 C 2 F 4 (ν 5 = 1337.7 from the observed ν 5 −ν 4 and ν 2 +ν 6 = 1315.3, derived with the anharmonicity x 26 = −10.8, see Table S2 . We took the larger magnitude of x 26 from the table because of the small gap for Fermi resonance). The unperturbed levels will be even closer together, so that the interaction of these two levels will dominate over the perturbation by 2ν 7 +ν 6 that is farther apart (Fig. 3b in the main text). We start with the assumption that the magnitude of x 26 is entirely caused by Fermi resonance; the unperturbed ν 5 0 will then be lower by 10.8 and the unperturbed (ν 2 +ν 6 ) 0 higher by 10.8 than the corresponding observed or reconstructed levels. The resulting unperturbed pair is nearly degenerate, so that interaction will split them by 2W; this implies W = 11.2.
In fact, with W = 11.2 we not only reproduced for 12 C 2 F 4 the energies of ν 5 and ν 2 +ν 6 but also of their combinations with ν 9 with high accuracy. However, the energies of the corresponding 13 C 2 F 4 levels were by 5 -6 cm −1 too high. It can be supposed that this has to do with the fact that the isotopic substitution interchanges the positions of ν 5 and ν 2 +ν 6 in 13 C 2 F 4 , so that in the heavier isotopologue the unperturbed levels are not anymore nearly degenerate and the ν 5 /ν 2 +ν 6 interaction is therefore not so dominant. Obviously one should also take the Fermi resonance ν 2 /2ν 7 (that is, ν 2 +ν 6 /2ν 7 +ν 6 ) into account.
The interaction parameter for this pair should obviously be the same as derived above: W ν2/2ν7 = 16.4, also in combinations with other vibrations and for different isotopologues. With this additional level repulsion taken into account, the above W = 11.2 should be slightly decreased (consult Fig. 3b of the main text!). We tried with W ν5/ν2+ν6 = 11 and found that this choice already reproduces many levels satisfactorily (with the energies of unperturbed levels as parameters), without further iterating the fitting procedure (see below).
To analyse this interaction of the three levels ν 5 , ν 2 +ν 6 and 2ν 7 +ν 6 (see Fig. 3b ), we fixed their energies derived from the spectra (from difference and combination bands) of 12 C 2 F 4 , fixing also the above (trial) values for the interaction parameters (W ν2/2ν7 =16.4 and W ν5/ν2+ν6 = 11) and thus reconstructed the unperturbed level positions. Adding to these a ν 9 quantum and correcting by the known anharmonic shifts and then diagonalizing the 3×3 matrix with the same nondiagonal elements (W) results in the energies of the combination levels ν 5 +ν 9 , ν 2 +ν 6 +ν 9 and 2ν 7 +ν 6 +ν 9 (Fig. 3b) The aim is to find a parameter set that will yield Table S2 ) we use the larger magnitude due to the small ν 5 /ν 2 +ν 6 gap),
• 2ν 7 +ν 6 = 1367.5 = 818.9 (2ν 7 ) + 550.0 (ν 6 ) + 2×(−0.7) (x 67 )
Further fix the interaction parameters at W ν2/2ν7 = 16.4 and W ν5/ν2+ν6 = 11 (as discussed above). Then
• vary the energies of the unperturbed levels After variation one obtains the unperturbed levels in the diagonal of the matrix 3.2.1.2. ν ν ν ν 5 +ν ν ν ν 9 /ν ν ν ν 2 +ν ν ν ν 6 +ν ν ν ν 9 /2ν ν ν ν 7 +ν ν ν ν 6 +ν ν ν ν 9
The aim is to reproduce the three observed levels of these combination bands (all three are IR active) from the corresponding unperturbed energies. If the two other combination bands borrow their intensity from ν 5 +ν 9 , it should be proportional to the square of the underlined coefficients. The intensity ratios in the spectra are consistent with this ( Fig. S1b) We use again the same interaction parameters and construct the unperturbed levels from the expected shifts.
• For ν 5 0 , we estimate an isotopic shift of ∆ν 5 0 = −43.1 on the basis of the Teller-Redlich product rule (which is valid for harmonic oscillators [4] ) for the product ν 5 ×ν 6 , using the experimental ∆ν 6 = −3.0. (Fermi resonance is expected to contribute much to the shift of the observed ν 5 , ∆ν 5 = −51.9; this is confirmed by the calculation.)
• For (ν 2 +ν 6 ) 0 , we use the observed ∆ν 6 = −3.0, but the computed harmonic value ∆ν 2 0 = −1.4 instead of the experimental −6.4. (The alternative ∆ν 2 0 = 0 does not make much difference.) This is because part of the observed shift is due to the ν 2 /2ν 7 Fermi resonance, which is explicitly included in the matrix model. For 12 C 2 F 4 , (ν 2 +ν 6 ) 0 = 1328.6, so that the corresponding value for 13 C 2 F 4 will be at 1324.2.
• For (2ν 7 +ν 6 ) 0 , we use the observed ∆ν 6 = −3.0 and twice the observed ν 7 shift (2∆ν 7 = 2×(−11.8)). Hence from the 12 C 2 F 4 value (1359.9) one calculates (2ν 7 +ν 6 ) 0 = 1333.3 for 13 C 2 F 4 .
Then diagonalization of 
Notes:
The observed spacing of ν 5 +ν 9 (2589.8) from ν 2 +ν 6 +ν 9 (2616.1) is 26.3, in good agreement with the second calculated value (26.6).
The relative intensities of the 13 C 2 F 4 features predicted by the matrix model is consistent with the observed spectrum (not shown). There are several indications that levels containing ν 1 are perturbed by Fermi interaction with corresponding levels containing ν 5 +ν 6 .
(1) The values of x 18 vary from −18.0 to about −20 cm −1 depending on the level (8 examples in Table S2 ). While it can be a hint to invoke Fermi resonance, the variation is small (10%) and does not provide quantitative conclusions.
(2) For 13 C 2 F 4 , x 18 = −16.6 cm −1 as derived from a hot band (starting from the ν 8 level) of ν 1 +ν 11 and similarly with ν 1 +ν 12 (Table S2 ). This represents a reduction of 13% compared to (3) Whereas the hot-band structure of ν 1 combination bands is congruent for the two monoisotopic molecules, that of 12 C 13 CF 4 is clearly different. In this lower-symmetry isotopologue ν 5 mixes with ν 9 and the frequencies of both are drastically changed [1] , as mentioned, so that the ν 1 /ν 5 +ν 6 Fermi resonance is strongly altered or breaks down. Even without working out details, consequences for the hot-band structure can be expected. While we take this as a definite hint to this Fermi resonance, it is not quantitatively helpful. , i.e. <3%), so that we can maintain the conclusions of sec. 4.1 of the main text on the shape of the potential.
